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It is widely assumed that photons cannot be manipulated using electric or magnetic fields. Even
though hybridization of photons with electronic polarization to form exciton-polaritons has paved
the way to a number of ground-breaking experiments in semiconductor microcavities, the neutral
bosonic nature of these quasiparticles has severely limited their response to external gauge fields.
Here, we demonstrate polariton acceleration by external electric and magnetic fields in the presence
of nonperturbative coupling between polaritons and itinerant electrons, leading to formation of new
quasiparticles termed polaron-polaritons. We identify the generation of electron density gradients
by the applied fields to be primarily responsible for inducing a gradient in polariton energy, which
in turn leads to acceleration along a direction determined by the applied fields. Remarkably, we
also observe that different polarization components of the polaritons can be accelerated in opposite
directions when the electrons are in ν = 1 integer quantum Hall state.
Controlling photons with external electric or magnetic
fields is an outstanding goal. On the one hand, coupling
photons to artificial gauge fields holds promises for the
realization of topological and strongly correlated phases
of light [1–4]. On the other hand, effecting forces on pho-
tons constitutes both a problem of fundamental interest
in electromagnetism and an important step in view of
technological applications [5–8]. One promising avenue
towards this goal is to hybridize photons with material
excitations that are genuinely sensitive to gauge fields [9].
In this non-perturbative regime, exciton-polariton states
are formed, ensuring that the forces acting on the mate-
rial excitations are directly imprinted onto the photon.
However, the neutral bosonic nature of polaritons has so
far severely limited their response to gauge fields [10–13].
A particularly appealing approach to circumvent this
limitation is to leverage on the interaction between ex-
citons and charges. Indeed, early reports on the drift
of trions in an electric field [14, 15], as well as on the
Coulomb drag effect in bilayer systems [16–19] indicated
that it may be possible to manipulate neutral excitations
using electric fields in a solid-state setting. Recently, ex-
perimental [20] and theoretical studies [21] reported the
electrical control of the speed of a polariton superfluid,
raising new questions and possibilities regarding the in-
terplay between the normal and condensed fractions of
the fluid in the presence of electron-exciton interactions.
While interactions between polaritons and electrons
have been proposed and analyzed as a mechanism for
polariton thermalization [22–25], early studies reported
the modifications to polariton resonances in the pres-
ence of a Fermi sea [26–28]. These modifications stem
form dispersive interactions between the polarizable exci-
tonic component of the polariton with the charge-density
fluctuations of the Fermi sea [29–31]. In a typical set-
ting where excitons are hosted by a GaAs quantum well
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(QW), the existence of a spin-singlet trion bound chan-
nel leads to the formation of two optically active branches
referred to as attractive and repulsive polarons [32, 33].
These polaronic states consist of an exciton dressed by
collective trion-hole excitations of the Fermi sea, where
the spin of the photo-excited electron is opposite to that
of the dressing Fermi sea electrons [32–34]. Upon de-
creasing the electron density, the quasi-particle weight
of the repulsive polaron branch, quantifying its excitonic
character, increases. In the limit of vanishing electron
density, the repulsive (attractive) polaron asymptotically
becomes the bare exciton (molecular trion) state with
strong (vanishing) coupling to the cavity mode [32]. The
many-body polaronic states are expected to be charge
neutral [31, 32], suggesting the absence of coupling to
external fields. In a recent theoretical study however, it
was shown that neutral polarons are sensitive to the av-
erage force on electrons, leading to a finite polaron trans-
conductivity in the non-equilibrium limit – an effect that
is observable even when polarons hybridize with cavity
photons [35].
In the present work, we demonstrate experimentally
that external electric and magnetic fields effect forces on
polaron-polaritons. In contrast to earlier proposals, we
find that the observed polariton acceleration primarily
originates from a source-drain voltage induced density
gradient in the two dimensional electron gas (2DEG) in
which polaritons are immersed. Remarkably, we show
that the direction of the resulting force can be changed
by an externally applied magnetic field, since the induced
Hall voltage creates transverse density gradients. Finally,
we extend this approach to demonstrate spin-selective ac-
celeration of polaritons when the 2DEG is in the integer
quantum Hall regime.
The sample used in this study is a monolithic dis-
tributed Bragg reflector optical microcavity with a qual-
ity factor Q = 5.5 · 103 grown by molecular-beam epi-
taxy. The structure contains a single optically active
GaAs QW of 20 nm thickness located at the central antin-
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2FIG. 1. Electrical and optical properties of the sample.
(a) Layout of the Hall bar and the contacts. (b) Side-view
of the Hall bar. The top mirror has been etched to contact
the 2DEG located in the center QW. DQW, doping quantum
wells. (c) Current-voltage characteristic of the device where
VR acts as current source and VL as drain. (d) Map of the
lower polariton PL wavelength measured at normal incidence
(k‖ = 0).
ode of the cavity field. This QW is remotely doped
from both sides by Si impurities embedded in thin GaAs
QWs (10 nm thickness) located at the nodes of the cav-
ity field. The doping QWs thus provide electrons to
the optically active QW where a 2DEG is formed with
nominal electron density of ne = 0.33 · 1011 cm−2 and
mobility µ = 1.6 · 106 cm2 V−1 s−1 (see [36] for further
details on the sample fabrication). To study the in-
terplay between polariton transport and 2DEG physics,
the sample is etched in the form of a Hall bar with an-
nealed electrical contacts to the 2DEG, as depicted in
Fig. 1(a,b). A photo-luminescence (PL) scan map of the
sample, recorded at normal incidence (in-plane momen-
tum k‖ = 0), is shown in Fig. 1(d) outlining the shape of
the Hall bar. The increase in emission energy of about
3 meV/mm from left to right is due to a wedge in the cav-
ity length introduced during sample growth. The sample
is cooled to a base temperature of 20 mK in a dilution
refrigerator with free space optical access enabling simul-
taneous position and momentum resolved microscopy, as
well as magneto-transport experiments (see Supplemen-
tal Material [37]).
We first characterize the electrical properties of our
sample by a four-point current-voltage (I-V) measure-
ment yielding the characteristic shown in Fig. 1(c). At
low source-drain voltage bias the I-V curve is linear with
a 2DEG resistivity of 210 Ω/sq. Increasing the source-
drain bias to ca. ±1 V, the I-V curve becomes nonlinear,
entering a regime where the externally applied electro-
chemical potential leads to a spatially varying chemical
potential of the 2DEG. At even larger source-drain bias,
the 2DEG is depleted and we recover a linear I-V char-
acteristic with an increased resistivity of 1500 Ω/sq, cor-
responding to electrical conduction in parallel channels
(see Supplemental Material [37]).
These different regimes of the 2DEG behavior have a
FIG. 2. Electrically controlled polariton landscape. (a) Nor-
malized white-light reflectivity spectra showing the polaron-
polariton dispersion at the nominal electron density. (b)
Exciton-polariton dispersion in the depleted regime (∆VL =
−6 V). Dashed lines are coupled oscillators fits to the
data. (c,d) Normalized white-light reflectivity spectra at
k‖ = 1.2µm
−1 (vertical line in (a,b)) as a function of po-
sition with a negative bias voltage applied to the left contact
(∆VL = −2.4 V) (c) and to the right contact (∆VR = −2.4 V)
(d).
counterpart on the optical response of the system. Fig-
ure 2(a) shows the angular dispersion of the polaron-
polariton states at zero source-drain bias. There, we
identify four branches resulting from the hybridization
of the cavity photon with the attractive and repulsive
heavy-hole polarons and with the light-hole resonance.
The dispersive polaron-polariton branches are well re-
produced by the coupled oscillators fit shown in dashed
lines. Figure 2(b) shows the angular dispersion acquired
while applying a large bias of −6 V to the left con-
tact and putting the right contact to ground, ∆VL =
−6V (see Fig. 1(a)). There, we measure the typical
exciton-polariton dispersion of an intrinsic QW with anti-
crossings about the heavy-hole and light-hole exciton en-
ergies, as expected from the 2DEG depletion observed in
the I-V characteristic.
In between these two extremes, at intermediate bias
voltages, the electron density shows smooth spatial gra-
dients across the Hall bar as demonstrated in Fig. 2(c) for
∆VL = −2.4 V. Here, the polariton spectrum is recorded
at positions across the long axis of the Hall bar and at
fixed collection angle corresponding to k‖ = 1.2µm−1.
On the left side, where the negative bias is applied, the
sample is devoid of electrons and the spectrum resembles
a vertical cut in the dispersion of Fig. 2(b). Moving to
the right, the electron density increases and we gradu-
ally recover polaron-polariton spectra corresponding to
the dispersion of Fig. 2(a) as the oscillator strength
3FIG. 3. Polariton acceleration in external electric and
magnetic fields. (a) Normalized difference between two RF
images of polariton flow in opposing electron density gradi-
ents. (b) Comparison with a trajectory based model (dashed
green line). The red-blue line is a linecut of panel (a) at
y = 25µm and the black line is an average between y = 10 and
y = 40µm. (c-f) Normalized difference between images IR, IL
as in (a) for Magnetic fields: (c) B = 8 mT, (d) B = −8 mT
(e), B = 40 mT and (f) B = −40 mT. The horizontal dashed-
dotted lines in (a, c-f) delimit the width of the Hall bar, the
large circle is the field of view of the microscope and the cen-
tral grey disk is the excitation spot.
is gradually transferred from the excitonic to the po-
laronic resonances. Reversing the applied electric field
(∆VR = −2.4 V) inverts this density gradient, as shown
in Fig. 2(d). Such electron density gradients constitute
electrically tunable potential landscapes for polaritons
which we explore in the following to transport neutral
optical excitations.
To demonstrate polariton transport, we resonantly ex-
cite a polariton cloud and image its expansion in two op-
posing electron density gradients. The excitation laser,
at 1524.0 meV (813.54 nm), is linearly polarized and fo-
cused in the central region of the Hall bar (x = 450µm in
Fig. 1 and 2), thus injecting a radially expanding cloud of
polaritons with finite k‖. The decaying polariton signal
is collected by the same microscope objective lens and
separated from the scattered excitation beam by polar-
ization filtering. A finite strain along the crystalline axes
in the structure allows us to obtain this resonance fluo-
rescence (RF) signal by polarizing the excitation beam
at 45◦ with respect to the polarization eigenbasis defined
by strain (see Supp. [37]). Two images, IR and IL, of
this RF signal are acquired under source-drain biases of
∆VR = −2.4 V and ∆VL = −2.4 V, respectively. These
two voltages were chosen such that at the injection spot
on the Hall bar, the electron densities are the same and
the gradients are of opposite signs. This choice is not
necessary but simplifies the observation of polariton ac-
celeration as there is no trivial difference between disper-
sions and thereby group velocities between the two im-
ages to be compared. Figure 3(a) shows the normalized
difference of the two images (IR − IL)/(IR + IL) clearly
demonstrating the ability to route polaritons by electrical
means.
In order to model this effect, we measure the polariton
dispersion at the two sides of the field of view (x = 0 and
x = 50µm in Fig. 3(a)) and perform a coupled oscillator
fit. By linearly interpolating across the field of view,
we characterize the lower polariton energy landscape
ELP(x, kx), separately for the two density gradients used
to measure IR and IL (see Supplementary Material [37]).
Starting from the classical Hamilton equations of motion
in one dimension (x), we propagate the experimentally
determined initial conditions kx(0) = ±1.2µm−1 to pre-
dict the emission intensity I(x), again repeated for the
two energy landscapes corresponding to the two oppos-
ing gradients. As in the experiment, we calculate the
normalized difference between the two cases and com-
pare the result (green dashed line) with the experiment
in Fig. 3(b). The red-blue colored line is a line cut
through Fig. 3(a) at y = 25µm and the black curve is an
average over y between 10 and 40µm. Remarkably, this
simple approach allows us to obtain reasonable quantita-
tive agreement with our data.
We can further control the polariton flow by apply-
ing a magnetic field perpendicular to the QW plane. In
conjunction with a finite source-drain bias, this induces a
Hall voltage transverse to the applied potential leading to
charge redistribution in the y-direction [38, 39]. The com-
bined electric and magnetic fields now shape the electron
density gradient which can be tuned in angle and mag-
nitude, as demonstrated in Fig. 3(c-f). Figure 3(c) cor-
responds to alternating voltage biases of ∆VR = −2.4 V
and ∆VL = −2.4 V and a fixed magnetic field of 8 mT and
shows the possibility to orient the polariton flow in a di-
agonal direction. Further increasing the magnetic field
to 40 mT (Fig. 3(e)) leads to polariton transport in the
up-down direction with an intensity contrast of ca. 50%.
Moreover, flipping the sign of the applied magnetic field
reverses the direction of polariton transport, as shown in
Fig. 3(d,f).
While these results demonstrate the possibility to
transport dressed photons (i.e. polaritons) by electric
and magnetic fields, it should be noted that we do not
observe here a Lorentz force for photons. In particular,
the force acting on polaritons does not appear to depend
on the direction of their motion. As clearly shown in
Fig. 3(e,f), both the polaritons propagating to the left
4and to the right are deflected in the same direction. The
polariton acceleration is determined only by the electron
density gradient which in turn is controlled by the com-
bination of magnetic field and electrical bias. In other
words, the nonperturbative coupling of polaritons to itin-
erant electrons allows for the control of photons by elec-
tromagnetic forces acting on the electronic sector. In the
last part of this article, we demonstrate how this idea
can be extended to realize transverse polariton spin cur-
rents reminiscent of an intrinsic spin-Hall effect when the
2DEG is close to the ν = 1 integer quantum Hall state.
At low temperature and under a strong magnetic field,
the excitation spectrum of a high mobility 2DEG exhibits
energy gaps due to the quantization of cyclotron orbits.
These Landau levels are further split by a Zeeman field,
forming a ladder of spin sub-bands for the electrons. As
the occupancy of this ladder is varied (e.g. by tuning the
magnetic field), the 2DEG undergoes phase transitions
between ground states of different spin polarization Sz.
The interplay between the spin polarization of the 2DEG
and the spin of the optically generated electron leads
to dramatic modifications of the spin-singlet polaron-
polariton spectrum, as shown in Fig. 4(a) and discussed
in details in Refs. [36, 40]. In particular, at filling factor
ν = 1 (1.26 T), we observe a strong reduction in the at-
tractive polaron-polariton Rabi splitting Ω for left-hand
circularly polarized light σ− and a concomitant increase
for right-hand circularly polarized light σ+, revealing the
spin polarization of the 2DEG at this integer quantum
Hall plateau Sz ' (Ω2σ+ − Ω2σ−)/(Ω2σ+ + Ω2σ−) ' 70%
[36]. In this quantum Hall regime, the charge den-
sity gradients demonstrated above translate into gradi-
ents of 2DEG spin polarization, resulting in optical spin-
contrasted forces for polaritons.
Figure 4(b) shows the evolution of the polariton spec-
trum at k‖ = 1.2µm−1, recorded from the lower edge to
the upper edge of the Hall bar (y-direction) under a volt-
age bias of ∆VR = −0.17 V and a magnetic field of 1.1 T.
We observe four energy branches, as expected from a ver-
tical cut in Fig. 4(a) near ν = 1, where the two inner
branches are the σ−-polarized lower and upper polaritons
and the two outer ones are the σ+-polarized lower and
upper polaritons. As can be seen from this panel, the de-
gree of electron spin polarization of the 2DEG Sz evolves
across the Hall bar and can be controlled electrically as
shown in Supplemental Material [37]. Remarkably, such
variations in Sz constitute gradients of opposite signs for
the σ+ and σ− polaron-polariton energy landscapes.
To investigate the resulting spin-dependent polariton
acceleration, we first perform momentum-resolved mea-
surements by imaging the polariton RF emission (see
Supplemental Materials [37]). An excitation energy of
1523.8 meV (813.62 nm) is chosen to intercept both σ+
and σ− lower polariton dispersions at finite k‖. Figure
4(c,d) show the momentum-resolved polariton RF signal
for ∆VR = −0.17 V and ∆VL = −0.35 V respectively. As
can be seen in Fig. 4(c), the inner σ−-polarized branch is
shifted towards positive ky while the outer σ+-polarized
FIG. 4. Spin-selective polariton acceleration. (a) Normalized
white light reflectivity spectra measured at k‖ = 1.2µm−1
as a function of magnetic field. The corresponding Lan-
dau level filling factor is determined from an independent
magneto-transport measurement. (b) Normalized reflectivity
spectra at k‖ = 1.2µm−1 and B = 1.1 T across the vertical
y-direction on the Hall bar, with a source-drain bias ∆VR =
−0.17 V. Black points indicates the electron spin polariza-
tion Sz measured at 3 different positions. (c,d) Momentum-
resolved polariton RF emission under cross-linear polariza-
tion at 1523.8 meV (813.62 nm) for (c) ∆VR = −0.17 V and
(d) ∆VL = −0.35 V. The red dashed lines are guides to the
eye. (e,f) Normalized difference between two RF images of
right-propagating polaritons acquired with ∆VR = −0.17 V
and ∆VL = −0.35 V. (e) Excitation of σ− polaritons at
kx = −0.9µm−1, ky = 0. (f) Excitation of σ+ polaritons
at kx = −1.3µm−1, ky = 0. The horizontal dashed-dotted
lines delimit the width of the Hall bar, the large circle is the
field of view of the microscope. The red and blue rings in
(c-f) show the excitation spots in real and momentum spaces
for σ+ and σ− polaritons, respectively.
branch is shifted towards negative ky. This observation
directly demonstrates an in-plane acceleration whose sign
depends on the polaritons spin polarization in the given
quantum state Spolz , that is the component of the polari-
ton pseudo-spin normal to the sample surface [41]. The
effect is reversed in Fig. 4(d), where the external bias and
5thereby the gradient in electron spin polarization points
in the opposite y-direction. The real-space counterpart
of this acceleration allows for the generation of transverse
optical spin currents, reminiscent of an intrinsic optical
spin-Hall effect [42–48].
To demonstrate the generation of transverse polariton
spin currents, we inject polariton waves of well defined
momenta by focusing the excitation beam in the back-
focal plane of the objective lens. Figure 4(e,f) corre-
spond to excitation at kx = −0.9µm−1, ky = 0 and
kx = −1.3µm−1, ky = 0, resulting in right propagat-
ing polaritons with σ− and σ+ polarization, respectively.
The normalized difference of the propagation images, ac-
quired with the two different voltage biases, indeed re-
veals opposite acceleration of σ− and σ+ polaritons along
the y-direction.
The spin-dependent momentum shifts demonstrated
here, although capable of generating transverse spin cur-
rents, remains fundamentally different from the usual
Rashba type coupling at the origin of standard spin-Hall
effects. Instead, the interaction reported here is analo-
gous to a force for photons, where the spatially varying
electron spin polarization (Sz) acts as an accelerating
potential, sorting polaritons of different spin (Spolz ) in
different directions:
FPhoton ∼ Spolz ∇Sz. (1)
It should be noted that the evolution of electron spin po-
larization around ν = 1 quantum Hall plateau is widely
believed to involve the proliferation of skyrmions in the
quantum Hall ferromagnetic state due to the interplay
between Zeeman and Coulomb energies [49]. The spin-
singlet polaron-polariton dressing thus constitutes a new
interface for coupling the optical spin of photons to the
electronic spin excitations of 2DEGs. The behavior of
such interactions in the fractional quantum Hall regime
where excitons may be dressed by fractionally charged
quasi-particles, as well as the residual interactions be-
tween these fractional quantum Hall polaritons remain
to be explored [50].
In summary, we demonstrated novel ways to con-
trol polariton flows using external electric and magnetic
fields. A non-equilibrium electron density gradient acts
as an effective electric field for polaron-polaritons and is
tunable in strength and direction. We foresee that this
effective electric field could be further controlled by tai-
loring the 2DEG density e.g. using patterned electrodes.
By mapping the energy landscape of the lower polari-
ton, we reach quantitative agreement between a simple
trajectory based model and the observed polariton ac-
celeration. Our experiment constitutes an alternative
to the already proposed polariton drag effect for effect-
ing electro-magnetic forces on neutral optical excitations
[18, 35]. We emphasize that the electron density gradi-
ents we exploit are generic for low density 2DEGs when
large source-drain voltages are applied and therefore need
to be considered in view of polariton drag experiments.
In the integer quantum Hall regime, we demonstrate that
electron spin depolarization, induced by the proliferation
of skyrmions as the electron density gradient pushes the
system away from ν = 1 filling, constitutes a scalar po-
tential for the optical spin of photons and results in spin-
dependent accelerations. This observation suggests that
magnetic excitations of a spin-ordered system, such as
magnons, could be used to transport polaron-polaritons.
ACKNOWLEDGMENTS
We thank H.-T. Lim, E. Togan and Y. Tsuchimoto
for extensive help in the fabrication of the sample. We
also acknowledge fruitful discussions with O. Cotlet, E.
Demler, T. Ihn, P. Märki, A. Popert, R. Schmidt, Y.
Shimazaki and T. Smolenski. This work was supported
by the Swiss National Science Foundation (NCCR Quan-
tum Science and Technology). This project has received
funding from the European Research Council under the
Grant Agreement No 671000 (POLTDES).
[1] L. Lu, J. D. Joannopoulos, and M. Soljačić, Topological
photonics, Nature Photonics 8, 821 (2014).
[2] T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi,
L. Lu, M. C. Rechtsman, D. Schuster, J. Simon, O. Zil-
berberg, and I. Carusotto, Topological photonics, Re-
views of Modern Physics 91, 015006 (2019).
[3] M. Aidelsburger, S. Nascimbene, and N. Goldman, Ar-
tificial gauge fields in materials and engineered systems,
Comptes Rendus Physique Quantum simulation / Simu-
lation quantique, 19, 394 (2018).
[4] I. Carusotto and C. Ciuti, Quantum fluids of light, Re-
views of Modern Physics 85, 299 (2013).
[5] J. L. O’Brien, A. Furusawa, and J. Vučković, Photonic
quantum technologies, Nature Photonics 3, 687 (2009).
[6] D. Sanvitto and S. Kéna-Cohen, The road towards po-
laritonic devices, Nature Materials 15, 1061 (2016).
[7] C. Schneider, K. Winkler, M. D. Fraser, M. Kamp, Y. Ya-
mamoto, E. A. Ostrovskaya, and S. Höfling, Exciton-
polariton trapping and potential landscape engineering,
Reports on Progress in Physics 80, 016503 (2016).
[8] N. Engheta, Circuits with Light at Nanoscales: Opti-
cal Nanocircuits Inspired by Metamaterials, Science 317,
1698 (2007).
[9] H.-T. Lim, E. Togan, M. Kroner, J. Miguel-Sanchez, and
A. Imamoğlu, Electrically tunable artificial gauge poten-
tial for polaritons, Nature Communications 8, 1 (2017).
[10] T. Karzig, C.-E. Bardyn, N. H. Lindner, and G. Re-
fael, Topological Polaritons, Physical Review X 5, 031001
(2015).
[11] O. Bleu, D. D. Solnyshkov, and G. Malpuech, Measuring
the quantum geometric tensor in two-dimensional pho-
tonic and exciton-polariton systems, Physical Review B
697, 195422 (2018).
[12] A. Gutiérrez-Rubio, L. Chirolli, L. Martín-Moreno, F. J.
García-Vidal, and F. Guinea, Polariton anomalous hall
effect in transition-metal dichalcogenides, Phys. Rev.
Lett. 121, 137402 (2018).
[13] S. Klembt, T. H. Harder, O. A. Egorov, K. Winkler,
R. Ge, M. A. Bandres, M. Emmerling, L. Worschech,
T. C. H. Liew, M. Segev, C. Schneider, and S. Höfling,
Exciton-polariton topological insulator, Nature 562, 552
(2018).
[14] D. Sanvitto, F. Pulizzi, A. J. Shields, P. C. M. Christia-
nen, S. N. Holmes, M. Y. Simmons, D. A. Ritchie, J. C.
Maan, and M. Pepper, Observation of Charge Trans-
port by Negatively Charged Excitons, Science 294, 837
(2001).
[15] F. Pulizzi, D. Sanvitto, P. Christianen, A. Shields,
S. Holmes, M. Simmons, D. Ritchie, M. Pepper, and
J. Maan, Optical imaging of trion diffusion and drift
in GaAs quantum wells, Physical Review B 68, 205304
(2003).
[16] D. V. Kulakovskii and Y. E. Lozovik, Screening and re-
arrangement of excitonic states in double layer systems,
Journal of Experimental and Theoretical Physics 98,
1205 (2004).
[17] O. L. Berman, R. Y. Kezerashvili, and Y. E. Lozovik, Can
we move photons?, Physics Letters A 374, 3681 (2010).
[18] O. L. Berman, R. Y. Kezerashvili, and Y. E. Lozovik,
Drag effects in a system of electrons and microcavity po-
laritons, Physical Review B 82, 125307 (2010).
[19] B. Narozhny and A. Levchenko, Coulomb drag, Reviews
of Modern Physics 88, 025003 (2016).
[20] D. M. Myers, B. Ozden, J. Beaumariage, L. N. Pfeif-
fer, K. West, and D. W. Snoke, Pushing Photons with
Electrons: Observation of the Polariton Drag Effect,
arXiv:1808.07866 [cond-mat] (2018), arXiv: 1808.07866.
[21] I. Y. Chestnov, Y. G. Rubo, and A. V. Kavokin, Pseudo-
drag of a polariton superfluid, Physical Review B 100,
085302 (2019), arXiv: 1902.03605.
[22] G. Malpuech, A. Kavokin, A. Di Carlo, and J. J.
Baumberg, Polariton lasing by exciton-electron scatter-
ing in semiconductor microcavities, Physical Review B
65, 153310 (2002).
[23] P. G. Lagoudakis, M. D. Martin, J. J. Baumberg,
A. Qarry, E. Cohen, and L. N. Pfeiffer, Electron-
Polariton Scattering in Semiconductor Microcavities,
Physical Review Letters 90, 206401 (2003).
[24] A. Qarry, G. Ramon, R. Rapaport, E. Cohen, A. Ron,
A. Mann, E. Linder, and L. N. Pfeiffer, Nonlinear emis-
sion due to electron-polariton scattering in a semiconduc-
tor microcavity, Physical Review B 67, 115320 (2003).
[25] M. Perrin, P. Senellart, A. Lemaître, and J. Bloch, Po-
lariton relaxation in semiconductor microcavities: Effi-
ciency of electron-polariton scattering, Physical Review
B 72, 075340 (2005).
[26] T. Brunhes, R. André, A. Arnoult, J. Cibert, and
A. Wasiela, Oscillator strength transfer from X to X +
in a CdTe quantum-well microcavity, Physical Review B
60, 11568 (1999).
[27] R. Rapaport, R. Harel, E. Cohen, A. Ron, E. Linder,
and L. N. Pfeiffer, Negatively Charged Quantum Well
Polaritons in a GaAs/AlAs Microcavity: An Analog of
Atoms in a Cavity, Physical Review Letters 84, 1607
(2000).
[28] R. Rapaport, E. Cohen, A. Ron, E. Linder, and L. N.
Pfeiffer, Negatively charged polaritons in a semiconduc-
tor microcavity, Physical Review B 63, 235310 (2001).
[29] R. A. Suris, Correlation Between Trion and Hole in
Fermi Distribution in Process of Trion Photo-Excitation
in Doped QWs, in Optical Properties of 2D Systems with
Interacting Electrons, NATO Science Series, edited by
W. J. Ossau and R. Suris (Springer Netherlands, 2003)
pp. 111–124.
[30] M. Combescot and J. Tribollet, Trion oscillator strength,
Solid State Communications 128, 273 (2003).
[31] M. Combescot, J. Tribollet, G. Karczewski, F. Bernar-
dot, C. Testelin, and M. Chamarro, Many-body origin
of the “trion line” in doped quantum wells, EPL (Euro-
physics Letters) 71, 431 (2005).
[32] M. Sidler, P. Back, O. Cotlet, A. Srivastava, T. Fink,
M. Kroner, E. Demler, and A. Imamoglu, Fermi polaron-
polaritons in charge-tunable atomically thin semiconduc-
tors, Nature Physics 13, 255 (2017).
[33] D. K. Efimkin and A. H. MacDonald, Many-body theory
of trion absorption features in two-dimensional semicon-
ductors, Physical Review B 95, 035417 (2017).
[34] D. K. Efimkin and A. H. MacDonald, Exciton-polarons in
doped semiconductors in a strong magnetic field, Physi-
cal Review B 97, 10.1103/PhysRevB.97.235432 (2018).
[35] O. Cotleţ, F. Pientka, R. Schmidt, G. Zarand, E. Demler,
and A. Imamoglu, Transport of Neutral Optical Excita-
tions Using Electric Fields, Physical Review X 9, 041019
(2019).
[36] S. Ravets, P. Knüppel, S. Faelt, O. Cotlet, M. Kroner,
W. Wegscheider, and A. Imamoglu, Polaron Polaritons
in the Integer and Fractional Quantum Hall Regimes,
Physical Review Letters 120, 057401 (2018).
[37] See Supplemental Material at [URL] for additional infor-
mation.
[38] P. F. Fontein, J. A. Kleinen, P. Hendriks, F. A. P. Blom,
J. H. Wolter, H. G. M. Lochs, F. A. J. M. Driessen, L. J.
Giling, and C. W. J. Beenakker, Spatial potential dis-
tribution in GaAs/AlxGa1−xAs heterostructures under
quantum Hall conditions studied with the linear electro-
optic effect, Physical Review B 43, 12090 (1991).
[39] M. Cage and C. Lavine, Potential and Current Distribu-
tions Calculated Across A Quantum Hall-Effect Sample
at Low and High Currents, Journal of Research of the
National Institute of Standards and Technology 100, 529
(1995).
[40] S. Smolka, W. Wuester, F. Haupt, S. Faelt, W. Wegschei-
der, and A. Imamoglu, Cavity quantum electrodynamics
with many-body states of a two-dimensional electron gas,
Science 346, 332 (2014).
[41] K. Kavokin, I. Shelykh, A. Kavokin, G. Malpuech, and
P. Bigenwald, Quantum theory of spin dynamics of
exciton-polaritons in microcavities, Physical review let-
ters 92, 017401 (2004).
[42] M. Onoda, S. Murakami, and N. Nagaosa, Hall Effect of
Light, Physical Review Letters 93, 083901 (2004).
[43] A. Kavokin, G. Malpuech, and M. Glazov, Optical Spin
Hall Effect, Physical Review Letters 95, 136601 (2005).
[44] C. Leyder, M. Romanelli, J. P. Karr, E. Giacobino,
T. C. H. Liew, M. M. Glazov, A. V. Kavokin,
G. Malpuech, and A. Bramati, Observation of the op-
tical spin Hall effect, Nature Physics 3, 628 (2007).
[45] A. Amo, T. C. H. Liew, C. Adrados, E. Giacobino, A. V.
Kavokin, and A. Bramati, Anisotropic optical spin Hall
effect in semiconductor microcavities, Physical Review B
780, 165325 (2009).
[46] M. Maragkou, C. E. Richards, T. Ostatnický, A. J. D.
Grundy, J. Zajac, M. Hugues, W. Langbein, and P. G.
Lagoudakis, Optical analogue of the spin Hall effect in a
photonic cavity, Optics Letters 36, 1095 (2011).
[47] K. Lekenta, M. Król, R. Mirek, K. Łempicka, D. Stephan,
R. Mazur, P. Morawiak, P. Kula, W. Piecek, P. G.
Lagoudakis, B. Piętka, and J. Szczytko, Tunable opti-
cal spin Hall effect in a liquid crystal microcavity, Light:
Science & Applications 7, 1 (2018).
[48] A. Gianfrate, O. Bleu, L. Dominici, V. Ardizzone,
M. De Giorgi, D. Ballarini, K. West, L. N. Pfeiffer,
D. D. Solnyshkov, D. Sanvitto, and G. Malpuech, Di-
rect measurement of the quantum geometric tensor in
a two-dimensional continuous medium, arXiv:1901.03219
[cond-mat, physics:physics] (2019), arXiv: 1901.03219.
[49] S. M. Girvin, Spin and Isospin: Exotic Order in Quantum
Hall Ferromagnets, in The Multifaceted Skyrmion, edited
by M. Rho and I. Zahed (World Scientific, 2015) pp. 351–
365.
[50] P. Knüppel, S. Ravets, M. Kroner, S. Fält, W. Wegschei-
der, and A. Imamoglu, Nonlinear optics in the fractional
quantum Hall regime, Nature 572, 91 (2019).
[51] D. Fritzsche, Heterostructures in MODFETs, Solid-State
Electronics 30, 1183 (1987).
[52] M. J. Kane, N. Apsley, D. A. Anderson, L. L. Taylor,
and T. Kerr, Parallel conduction in GaAs/AlxGa1−xAs
modulation doped heterojunctions, Journal of Physics C:
Solid State Physics 18, 5629 (1985).
[53] M. Reed, W. Kirk, and P. Kobiela, Investigation of paral-
lel conduction in GaAs/AlxGa1−xAs modulation-doped
structures in the quantum limit, IEEE Journal of Quan-
tum Electronics 22, 1753 (1986).
[54] M. Steger, G. Liu, B. Nelsen, C. Gautham, D. W. Snoke,
R. Balili, L. Pfeiffer, and K. West, Long-range ballis-
tic motion and coherent flow of long-lifetime polaritons,
Physical Review B 88, 235314 (2013).
1Supplementary Material
I. OPTICAL SETUP
FIG. S1. Schematic of the optical setup. (a) Upper part
of the cage assembly showing the excitation and collection
arms and the real space imaging CCD camera. (b) Schematic
ray tracing for Fourier space imaging. The intermediate real
space image planes (R) and Fourier space image planes (F)
are shown in black dashed lines.
Figure S1 depicts the optical setup used in this study.
The free space optics used for excitation, collection and
imaging are mounted in a cage assembly that is at-
tached to the bottom of the dilution refrigerator (Blue-
Fors LD250 with American Magnetics Inc. 9 T + 3 T
vector magnet). Optical windows through the differ-
ent shields of the cryostat offer free space optical ac-
cess to the sample which is thermally anchored on the
mixing chamber at a base temperature of 20 mK. The
sample is electrically contacted as described in the main
text and mounted on XYZ nanopositioners (Attocube
ANPx101/RES, ANPz102/RES). A cold, high numer-
ical aperture (NA) objective lens (Thorlabs 354330-B)
allows for high resolution microscopy of the sample at
base temperature. The excitation light (white light: Ex-
alos EXS210036-01, resonant laser: Sacher TEC500 or
PL laser: Melles Griot 05-SRP-812) is delivered by a
single mode optical fiber and is collimated and directed
to the microscope objective lens. The light emitted or
reflected by the sample is refracted by the same objec-
tive lens and is simultaneously imaged onto real space
and Fourier space CCD cameras (FLIR CM3-U3-13S2M-
CS) as well as on the facet of a single mode optical fiber
conjugated with the back-focal plane of the microscope
objective. This collection fiber is mounted on an XY
motrized stage (Thorlabs PIAK10) and is connected to a
spectrometer (Princeton Instruments Acton SP2500), al-
lowing to record spectra at different angles within the NA
of the objective lens. Conversely, light can be sent via this
collection fiber in order to excite polaritons with finite in-
FIG. S2. Magneto-transport characterization. Longitudinal
(blue) and transverse (orange) resistivities versus magnetic
field and Landau level filling factor.
plane momentum. Due to the long distance between the
sample and the bottom of the dilution refrigerator (ca.
50 cm), the optical setup is not fully conjugated and relies
instead on an image forming lens L1 and a 2f optical relay
lens L2. The excitation, detection and imaging arms are
all equipped with linear polarizers (Thorlabs LPVIS050)
and quarter-wave plates (Thorlabs WPQ05M-808).
In order to account for the spectral shape of the white
light source, the reflection spectra shown in the main
text are corrected by the following procedure. First a
numerical low-pass filter is applied to remove fast spec-
tral etaloning fringes. The slowly varying spectral shape
of the white light is then extracted using the fact that
the polariton signal disperses as a function of some tun-
ing parameter (position, momentum or magnetic field),
while the lamp shape remains constant. By sorting the
individual spectra along this tuning parameter axis we
can extract the lamp shape and use it to normalize the
reflection spectra.
II. ELECTRICAL TRANSPORT PROPERTIES
As shown in Fig. 1(b) of the main text, the annealing
technique used to contact the 2DEG also contacts the low
mobility doping QWs. Our device thus corresponds to a
field effect transistor where the gate potential, nominally
defined by the donor impurities, can be modified by the
source-drain bias leading to the pinch-off of the 2DEG
[51]. We show, in Fig. S2, the longitudinal (blue curve)
and transverse (orange curve) resistivities as a function
of magnetic field, recorded using two lockin amplifiers
(Signal Recovery 7265, 13.8 Hz modulation, 1 nA). We
clearly identify Shubnikov-de Haas oscillations in the lon-
gitudinal resistivity and the onset of Hall plateaus in the
transverse resistivity. The existence of parallel conduc-
tion channels, in particular through the doping QWs, re-
sults in an overall trend in the resistivity curves that
2FIG. S3. Polarization eigenbasis defined by strain. Lower
polariton emission energy (a) and intensity (b) as function of
linear polarization angle. (c,d) Real-space images measured
in cross-linear polarization at (c) 0◦ and (d) 45◦ with respect
to the Hall bar x-axis.
deviates from standard quantum Hall transport. This
effect, well known in 2DEG transport [52, 53], results
from a trade-off in our device geometry between optimiz-
ing the optical properties and retaining good transport
characteristics. It can be suppressed by thinning down
the doping QWs, at the expense of an increased light-
sensitivity of the device [36].
III. OPTICAL POLARIZATION EIGENBASIS
In this section, we discuss the optical polarization
properties of our sample and how they were used to ob-
tain the measurements in resonance fluorescence (RF)
configuration. In a first experiment, we excite the system
non-resonantly at 632 nm and measure the k‖ = 0 lower
polariton photoluminescence center energy (Fig. S3(a))
and intensity (Fig. S3(b)) as a function of polarization
angle. A half-wave plate in front of a horizontal polarizer
was used to rotate the detection angle. We observe an
energy splitting of ∆xy = 20µeV between the linear po-
larization eigenstates pointing along the crystalline axes
of our sample. Note that these axes also align with the
Hall bar and thereby the x- and y-axes used in all real-
space images. A second experiment was performed with
resonant excitation at finite k‖ to verify that this bire-
fringence still dominates compared to the TE-TM mode
splitting at excitation angles relevant to our experiments.
In Fig. S3(c), polaritons are excited with polarization
along x and detected along y which should be compared
to Fig. S3(d), where polaritons are excited at 45◦ and de-
tected at −45◦. The fact that the polariton cloud is still
well suppressed in Fig. S3(c) shows that the eigenbasis is
aligned with the x, y axes.
FIG. S4. Coupled oscillator model to predict polariton ac-
celeration. (a) Dispersion fit results. (b) Corresponding ELP
for depletion on the right and (c) depletion on the left side.
Trajectories of lower polaritons are drawn with initial values
marked by grey dots. (d) Expected emission from the trajec-
tories shown in (b,c).
IV. COUPLED OSCILLATOR MODEL
In the main text, we demonstrated the generation of
electron density gradients (Fig. 2) and showed how they
can be used to accelerate polaritons (Fig. 3(a)). Here, we
characterize the energy ELP(x, kx) of the lower polariton
branch and calculate the resulting forces for polaritons.
This allows us to predict the changes in polariton group
velocity and finally the expected shape of the polariton
cloud subject to this force (Fig. 3(b)). We restrict our-
selves to the one-dimensional case of propagation along
the x-direction which should suffice for the experiments
without magnetic field. We identify the cavity thickness
variation and the electron density gradient as most im-
portant contributions to LP energy variations. Starting
from the conditions in Fig. 3(a), we acquire four polariton
dispersion relations: At the left side of the field of view
(x = 0) for both applied bias voltages (∆VR = −2.4 V
and ∆VL = −2.4 V) and the same for the right side of
the field of view (x = 50µm). We fit the following model
to each of the four dispersionsEcav(x, kx) Ωattr(x) Ωrep(x) Ωlh(x)Ωattr(x) Eattr 0 0Ωrep(x) 0 Erep 0
Ωlh(x) 0 0 Elh
 (S1)
where we keep the energies of the asymptotes
fixed, namely the attractive polaron energy Eattr =
1524.4 meV, the repulsive polaron energy Erep =
1525.9 meV and the light-hole Elh = 1529.5 meV. This
simplifies the fitting by reducing the number of free pa-
rameters and is justified by observing that the Rabi cou-
plings vary more strongly than the energies as a function
3of electron density. The cavity dispersion was approxi-
mated as parabola Ecav(x, kx) = E0(x) + ~2k2x/(2mcav)
with cavity mass mcav = E0n2cav/c2 ≈ 3 · 10−5me mea-
sured independently. The cavity wedge in this region is
2.7 meV/mm and the cavity detuning ∆cav is measured
from E0 = 1524.2 meV at x = 0. The results are dis-
played in Fig. S4(a) with full lines referring to bias ap-
plied to the right and dashed lines to bias applied to
the left contact. The Rabi couplings and cavity wedge
have been interpolated linearly between the two mea-
sured points at x = 0 and x = 50µm. By diagonalizing
Eq. (S1), we extract the LP energy ELP(x, kx) for right
and left bias, see Fig. S4(b) and (c). Following the ap-
proach of [54], we write Hamilton’s equations of motion
for the lower polariton
∂x
∂t
=
1
~
∂ELP
∂kx
and
∂kx
∂t
= −1
~
∂ELP
∂x
, (S2)
under which we propagate trajectories corresponding to
the initial conditions of our experiment x(t=0) = 26µm
and kx(t=0) = ±1.2µm−1. These trajectories are shown
in Fig. S4(b,c) for the two cases of bias voltages. In or-
der to predict the RF signal obtained in our experiment
we consider two more ingredients. First, the polaritons
decay while propagating with a lifetime of τ ≈ 10 ps.
Second, to model the RF configuration we assume that
the injected polarization state at 45◦ slowly rotates in
accordance with the polarization splitting determined in
the previous section ∆xy/~ ≈ 0.03 ps−1. Since we de-
tect a real-space image, we create a histogram of the x-
positions visited by the trajectories and weight them with
w = exp (−t/τ) · (1− cos(∆xyt/~)) to obtain Fig. S4(d).
The normalized difference of this histogram is shown in
the main text, Fig. 3(b). This analysis neglects variations
of the effective mass (or polariton cavity content) during
propagation. We verified that the result does not de-
pend sensitively on the parameters τ and ∆xy. We want
to point out that for the interpretation of the real-space
images, one has to take into account the effective mass
of the polaritons, which might be negative. Consider the
full line in Fig. S4(d), where polaritons are accelerated
to the left. Due to the large in-plane momentum kx, the
acceleration actually reduces the group velocity during
propagation. This leads to an excess of polaritons on
the left side compared to acceleration in the opposite di-
rection (dashed line). If we had access to a larger field
of view, we would expect the normalized difference to
change sign. The total number of polaritons stays the
same when subjected to accelerating potentials but the
position where they are re-emitted as photons changes.
V. ELECTRICALLY CONTROLLED SPIN
DENSITY GRADIENTS
We supplement Fig. 4 of the main text by showing
that the spin polarization gradient around ν = 1 is tun-
able by the external bias similarly to what was shown
FIG. S5. Spatial tuning of polariton energy landscape in the
quantum Hall regime. (a) Same as Fig. 4(b) of the main text
and as comparison (b) with opposite spin density gradient.
for the electron density gradient. For this, we compare
in Fig. S5 two spatial maps of the polariton reflectivity
taken at opposing voltages (a) ∆VR = −0.17 V and (b)
∆VL = −0.35 V. These voltages correspond to a bal-
anced situation where the filling factor at y = 25µm is
equal and the gradient opposite. To assess the degree of
spin polarization Sz of the 2DEG, we measure polariton
dispersions in σ+ and σ− polarizations for the two oppos-
ing source-drain biases at three different y-positions. The
coupled oscillators fit to each of these dispersion spectra
yields values of the Rabi splittings entering the definition
of Sz at these three spatial positions and for the two op-
posing source-drain biases. The resulting Sz values are
reported as black dots in panels (a) and (b) with error
bars extracted from the fit parameters.
